This paper introduces a base station antenna system as a future cellular technology. The base station antenna system is the key to achieving high-speed data transmission. It is particularly important to improve the frequency reuse factor as one of the roles of a base station. Furthermore, in order to solve the interference problem due to the same frequency being used by the macro cell and the small cell, the author focuses on beam and null control using an AAS (Active Antenna System) and elucidates their effects through area simulations and field tests. The results showed that AAS can improve the SINR (signal to interference-plusnoise ratio) of the small cell area inside macro cells. The paper shows that cell quality performance can be improved by incorporating the AAS into a cellular base station as its antenna system for beyond 4G radio access technology including the 5G cellular system.
Introduction
There is demand for a high-speed data service for the nextgeneration cellular systems. The technology requires not only wider bandwidth and higher frequency, but the cell radius also needs to be reduced, e.g., to pico cells and femtocells. Moreover, the cell shape changes from 2-dimensional (=2D) to 3-dimensional (=3D) due to the need to reach tall buildings, high overpass roads, etc. from ground level. On this basis, it is clear that antenna technology is the most fundamental and crucial factor to covering a 3D area.
Firstly, one example of this antenna technology is a MIMO (Multiple-Input Multiple-Output) technique. MIMO technology can increase the data rate by using multiple antennas. Conventional two-branch MIMO could be easily implemented by a single antenna using orthogonal polarization [1] . On the other hand, for three branch MIMO (or more), more antenna poles are needed [2] . This is very expensive, resulting in high CAPEX levels. Therefore, it is important that the base station antenna technology develops in the direction of miniaturization and aggregation.
Secondary, in order to use the broadband frequency, the frequency is much higher, so it is particularly important to adopt the millimeter wave. A millimeter wave antenna is smaller than a microwave antenna, thereby enabling compact and straightforward implementation in the base station. It needs to include many array elements and use microfabrication [3] . Manuscript Thirdly, metamaterial technology is an attractive new development. FSS (frequency selective surface) and EBG (electromagnetic band gap) have useful characteristics for various antenna patterns. Reference [4] shows that by using multiple woodpile metamaterial reflectors and a radiator, it is possible to establish the same beamwidth for a triplefrequency band. Further, Ref. [5] shows an array antenna using woodpile EBG in order to realize a higher gain. Next, Refs. [6] , [7] show a strip-type composite right/left-handed line with a downtilted beam. Using an EBG/AMC (artificial magnetic conductor) structure of dual-frequency phased array antennas, a study was performed to reduce the size of the lower band element and decrease the coupling of the higher band [8] . Reference [9] used simulation and experiments to show that a cylindrical EBG controlled with PIN diodes is able to act as azimuth beam steering. Also, K. Cho, et al. demonstrated in their study the beamwidth of a dipole antenna with a frequency selective reflector using dual-frequency band elements [10] . From the abovementioned study examples, FSS and EBG are regarded as the promising technologies for next-generation base station antennas, for which many of the current antenna characteristics are altered.
Finally, Massive MIMO is one of the most anticipated developments of future technology [11] . Many studies have been conducted. H. Papadopoulos et al. report on Massive MIMO activities in relation to 5G, including standardization efforts and system development [12] . On the other hand, it will be difficult in the near future to mount everything digitally, such as components like an AD/DA converter in order to avoid high costs and excess heat. Thus, it has been proposed that a hybrid of analog and digital technology be adopted [13] . Further, in the case of a base station system using multiple antenna elements such as Massive MIMO at high frequency, there is a large number of RF cables from the antennas to the radio equipment, making the RF power very lossy. Therefore, an AAS (active antenna system), which is unified and compact with an antenna element and an active device like an amplifier, is the aim of current developments and research. The AAS has a function that reduces the infrastructure cost and improves the quality of the area under beam control.
Currently, a study on shaped beam antennas aimed at cell quality improvement has been carried out [14] . A shaped beam antenna can reduce the radio interference between sectors on the site. Moreover, this is expected to improve the radio cell quality in the case of small cells, e.g., a pico cell Copyright © 2017 The Institute of Electronics, Information and Communication Engineers inside a macro cell in the so-called Heterogeneous Network. Reference [15] shows that if the position of the small cell inside the macro cell changes, the radio cell quality of the macro cell is affected. Further, Ref. [16] shows that in areas where macro cells and small cells are mixed, the radio cell quality is evaluated using a 3D antenna pattern at the base station. As a result, narrowing the beamwidth on the vertical plane has been shown to be effective. Figure 1 shows a road map of the various antennarelated technologies based on the evaluation of the antenna diversity and MIMO. In the future, antenna diversity technology is moving in the direction of Massive MIMO. On the other hand, AAS technology already existed in order to make the antenna compact to enable connection to an RF active device. Massive MIMO requires RF active devices per antenna element. Therefore, AAS technology has been in the spotlight again for the utilization of micro-and millimeterwaves. AAS has become the most important fundamental technology to achieve beyond 4G networks including the 5G cellular system. This paper focuses on the cell quality performance by incorporating the AAS into the cellular base station as its antenna system for beyond 4G radio access technology. The remainder of this paper is organized as follows. Section 2 describes the characteristics of the base station antenna using the proposed AAS. Section 3 presents the general area performance results obtained from the simulation. Section 4 shows the performance of the proposed AAS in outdoor field tests. Finally, Sect. 5 concludes the paper.
Active Antenna System
Generally, in the future, in many of the uses of base station antennas, the interference reduction effect will be the most important aspect. In particular, dynamic area control during same frequency reuse is expected. The author believes that AAS technology is the most effective way to solve this problem. By suppressing the coaxial cable losses, the AAS was shown to improve the transmission output power of the downlink during field tests by 4 dB [17] . When a 4-element base station antenna uses an RF-MEMS (Radio Frequency-Micro Electro Mechanical System) device, the tilt angle changes to 9 degrees in the vertical plane [18] . In addition, there has been discussions on AAS features such as self-healing [19] and radio measurement methods using OTA (over the air) [20] . Finally, the author carries out field evaluations of cell quality using the AAS with beam control as part of the experiments and simulations [21] .
An AAS involves the close integration of antennas with radio equipment. This boosts the communication coverage area, while reducing power consumption and overall size. Also, an AAS can achieve lower construction costs than existing non-integrated antennas. Some of the advantages of AAS are expected to be even greater at higher frequencies because the cable loss is greater at these frequencies. The AAS will be incorporated into 4G or beyond 4G mobile communication systems owing to an increase in the feeder loss and in the propagation loss at higher frequencies, degradation of the receiving sensitivity by an inferior noise figure (NF) or an increase in the transmission power because loss compensation may be used. An AAS in which the front-end circuits are placed directly beneath each antenna element is considered as the one of the solutions to these problems. In a beyond 4G system, it can be expected that the coverage area will be significantly improved due to the introduction of an AAS.
By using the AAS to transmit a null pattern toward the small cells existing within the macro cell, same frequency interference between the macro cells and small cells can be reduced, as is shown in the diagram in Fig. 2 . The figure on the left (a) shows the use of a conventional antenna; the figure on the right (b) shows the use of beam and null control in the AAS. In this way, it is expected that AAS can reduce interference between a macro cell and small cell operating on the same frequency.
Simulation Evaluation
In this section, in order to evaluate some of the effects of the AAS, an area simulation is performed. In this simulation, four kinds of antenna patterns are used. The first is the "Standard Pattern", with no null pattern transmission to the small cell, where the Standard Pattern is almost the same as the conventional pattern [22] . This pattern has a low upper sidelobe and 1 st null fill to the ground, which are characteristics of a typical base station antenna. The second "2D Pattern" is an arc-shaped null pattern. The third pattern is the "3D Pattern", which is a spot null pattern using vertical and horizontal arrays. Lastly, the "3D Pattern-Wide" has a wider null pattern than the 3D Pattern. However, the null depth of the 3D Pattern-Wide is shallower than in the 3D Pattern.
The array structure consists of 12 elements in the vertical plane. The number of the elements in the horizontal plane is 1 for the 2D Pattern and 4 for the 3D Pattern. Furthermore, the antenna pattern of the 2D Pattern is generated by the algorithm presented in next section. The antenna pattern of the 3D Pattern is generated by the classical technique using a sidelobe canceller. First, in order to make the sidelobe, a 4x4 sub-array. This sub-array is able to form the spot beam. Second, by combining the 8x4 array and 4x4 sub-array with opposite phases, it is possible to form a spot null pattern. Figure 3 shows the null areas for the 2D Pattern and the 3D Pattern. Each pattern is shown in Fig. 4 . Figure 4 (a) shows the pattern in the vertical plane, in the direction of 15 degrees for the null pattern transmission to the small cell. Figure 4 (b) is the pattern in the horizontal plane at 15 degrees on the vertical plane. The gain of the 2D Pattern is low in all directions, and as a result, the 2D Pattern formed an arcshape as the null area. The 3D Pattern forms a null in the direction of 0 degree to the azimuth; as a result, there is a null spot in that area. Figure 4 (c) shows the horizontal pattern at maximum radiation directional (5 degrees) to the vertical plane. The case of these Standard Pattern, 2D Pattern and 3D Pattern are the commonly used patterns for a small cell base station that is omni-directional in the horizontal plane and at 45 degrees of tilt in the vertical plane.
Simulation Result
The simulation conditions and parameters are shown in Table 1. The simulation scenario is that the small cell is located 115 m away from the AAS and in the main beam direction from the AAS in the horizontal plane. This point is positioned in the spot null for the 3D Pattern. The radius of the cell is set at 600 m. On the other hand, the radius of the observation region from the center macro cell is set at 200 m to clarify the performance of the null control effect on near the small cell. As a result, it is possible to ignore the interference from the neighbor cells. Therefore, the cell allocation is selected by 3 sector/cell only. Figure 5 shows the SINR distribution results from the simulation with the AAS only and without the small cell. In all figures, the SINR at the sector boundary is equal to or less than 0 dB. For the 2D Pattern, it can be seen that the SINR is degraded into the arc shape. In the 3D Pattern, a spot-like SINR degradation point can be seen. For the 3D Pattern-Wide, a large decrease in SINR can be seen surrounding the location allocated for the small cell. Figure 6 shows the SINR distribution for an AAS with small cells. In comparison with the Standard Pattern, the SINR distribution around the small cells for the 2D Pattern, 3D Pattern and 3D Pattern-wide are higher and broader. Table 2 shows the SINR in the macro and small cell areas, the SINR in the macro area only, the SINR in the small cell area only and the percentage of terminals that can be allocated in the small cell area. If the value of this percentage is large, even without improvements to SINR, the load on the macro cell can be reduced. Table 2 shows the best SINR is achieved where there is no small cell because there is no interference from the small cell. However, in order to increase cell capacity, the small cell has to be allocated in the macro cell. Therefore, by arranging the position of the small cell, the designs having a high SINR can be evaluated. The SINR of the AAS with the small cell (15.4 dB) is 3 dB less than the SINR without the small cell (18.4 dB) when the Standard Pattern is used. This is due to same frequency interference between the AAS and the small cell. Comparing the Standard Pattern with the 3D Pattern, the SINR for the entire (= macro and small) AAS and the small cell is nearly equal; on the other hand, the SINR for the small cell is improved by approximately 6 dB from 9.0 dB to 15.2 dB. In addition, the SINR is nearly equal for the Standard Pattern and the 2D Pattern, however, for the 2D Pattern, the percentage of terminals that can be allocated in the small cell area is doubled, from 3.3% to 7.6%. Therefore, these changes can be expected to improve load balancing in a cellular network.
Comparing the 3D Pattern with the 3D Pattern-Wide, the SINR of the 3D Pattern is 1∼2 dB higher than that for the 3D Pattern-Wide. On the other hand, the percentage of terminals for the 3D Pattern-Wide is approx. 2% (=6.2-3.85) more than that for the 3D Pattern. Therefore, the 3D Pattern-Wide can also be expected to contribute to balancing in a cellular network.
Evaluation with Angular Spread
In general, reflection, diffraction, scattering from buildings and so on means the antenna pattern of the base station antenna will not be directly received on the ground. To account for this effect, a simulation using an antenna pattern with a spatial angular spread as parameters was performed. The parameter values of the angular spread are 0, 1, 3, and 5 degrees; these values replicate the conditions for an open area, sub-urban, urban, and dense urban areas. Figure 7 shows the SINR distribution with angular spreads. In these figures, as the angular spread increases, the SINR distribution becomes lighter. As a result, it can be seen that the proportion of high and low SINR regions, e.g., 30 dB and 0 dB, is reduced. When the angular spread is 3 degrees, SINR degradation due to the arc-shaped null of the 2D Pattern is not distinguishable. In addition, except for the 3D Pattern-Wide, when the angular spread is 3 degrees and 5 degrees, it can be seen that this achieves almost the same distribution as the other patterns. Figure 8 shows the SINR of the entire cell and the small On the other hand, for the 3D Pattern and the 3D Pattern-Wide, the SINR decreases by 6.5 dB and 4 dB, respectively. These decreases are greater than those of the Standard Pattern and 2D Pattern because the null depth in the direction of the small cell becomes shallower due to the angular spread. However, the SINR of the 3D Pattern and the 3D Pattern-Wide is 2-3 dB larger than that for the Standard Pattern at an angular spread of 5 degrees. Therefore, the effect of the null pattern is confirmed.
Comparing the 3D Pattern and the 3D Pattern-Wide, if the angular spread is less than 1 degree, the SINR of the 3D Pattern is better than that of the 3D Pattern-Wide. If the angular spread is more than 3 degrees, the SINR of the 3D Patten-Wide is better than that of the 3D Pattern. These results shows that the narrow null pattern is suitable for rural and suburban areas and the wide null pattern is advantageous in urban and dense urban areas.
Generally, it is difficult to make broad and deep nulls on the antenna pattern at small number of antenna element. For that reason, in the case where the angular spread is small, the null of the narrow and deep is valid. On the other hand, in the case where the angular spread is large, the null of the wide and shallow is valid.
In this paper, the author shows the simulation results in a typical case. In a real environment, there are also many cases where there are multiple small cells in a variety of positions. The evaluation in some cases shows the results as in Ref. [23] . This reference shows that the Chebyshev pattern is effective to some extent in the case where two small cells are allocated to different positons.
Field Test
In the previous section, the effectiveness of the AAS antenna pattern was simulated. In this section, the author demonstrates how the AAS can improve cell quality in a specific outdoor field test. The author used a 2 GHz band AAS that had been developed from basic research because the 3.5 GHz band had still not been licensed at the time the field test was conducted. For this reason, the parameters of this field test do not completely match those in the previous simulation section. Figure 9 (a) shows the appearance of the AAS; the frequency used is the 2 GHz band (3GPP band class 1). The antenna size is the same as that of a conventional 2 GHz band sector antenna, and the diameter and length are 135 mm and 2 m, respectively. In the radome, 12 self-diplexing antenna elements are arrayed with a distance of 120 mm between each element. The AAS incorporates the use of self-diplexing antenna elements that have been successfully miniaturized in the filter. The isolation between the transmission and reception bands of the self-diplexing antenna achieves more than 30 dB [19] . Further, this AAS has orthogonally polarized MIMO with corresponding vertical/horizontal polarization. Figure 9 (b) shows the RF block system diagram of the AAS. Circuits such as the phase shifters and amplifiers are placed directly beneath the antenna elements; an amplitude of ±3 dB and a phase of ±180 degrees can be set. Figure 9 (c) shows the front and back views inside the radome. In the front view, there are 12 antenna elements, and the part on the left side is the power supply. In the side view, the RF blocks are shown. Next, Fig. 9(d) shows an example of the tx antenna elements from the front and back view. There is small filters instead of a diplexer because the antenna type adopts a self-diplexing antenna. Also, because the transmitter power is low, RF parts can use mobile terminal parts. Therefore, it is possible to make this prototype AAS very compact.
Electrical tilt of a typical base station antenna is enabled by providing a phase shifter for each sub-array and changing the angle of the main beam. On the other hand, the AAS provides a phase shifter for each antenna element. As a result, in addition to the tilt of the main beam, flexible beam and null control can be performed. This flexible beam and null can be remotely controlled using an AISG interface [24] . AISG (Antenna Interface Standard Group) defines the international standard interface and protocol to control base station equipment including antennas. Table 3 shows the specification of this prototype AAS.
First, it is explained that the antenna patterns are adapted for the field testing environment. The up-tilt angle is 3 degrees because the target area is slightly higher than the location of the base station. Next, the null direction of the AAS is calculated based on the distance between the AAS and the small cell. Vertical patterns are created by an optimization algorithm that sets the mask pattern to satisfy the conditions in Table 4 . In order to satisfy these conditions, the weight of the amplitudes and phases for the 12 antenna elements with vertical and horizontal polarization in the vertical plane are determined. The initial value of the amplitude weight is a uniform 0 dB, and the phase is initially 0 degree. The range is from −3 dB to 3 dB for the amplitude and from 0 to 360 degrees for the phase. Figure 10 shows that the opti- mization mask and initial antenna pattern of the AAS. The initial antenna pattern refers to the uniform pattern before the optimization.
Next, in order to decide the antenna weight, the optimization algorithms used are Nelder Mead Simplex and Trust Region, which are functions available in CST Design Studio [25] . The Nelder Mead Simplex algorithm is good for achieving convergence in the area of complex problems. If the number of parameters is small (5 or less), the number of iterations remains relatively small. The Trust Region algorithm can obtain an accurate result at high speed. It robustly converges, in a given parameter range, so it can obtain the optimum solution with a smaller number of iterations. On first step, the value is dynamically optimized using the Nelder Mead Simplex algorithm, then, if the result converges, the algorithm is changed to Trust Region as second step. The Trust Region algorithm is used to optimize to fine values. Some of the antenna patterns are shown in Fig. 11 . The dashed line is a conventional antenna pattern [22] and the red line is the proposed optimized pattern. The proposed pattern does not partially satisfy the optimized mask shown in Fig. 10 at around −10 degrees on the elevation. However, the result can be ignored because it does not affect to the small cell. And, it is different to the antenna gain of some Table 5 Field test conditions. antenna patterns, however, the antenna pattern of Fig. 11 is normalized to align the effective isotropic radiated power (EIRP) by the AAS amplitude adjustment function within +1 dB/−1 dB.
The distance from the AAS to the small cell is 220 m in direct line of sight, and this point is located 7 degrees down in the elevation plane. The radius of the small cell is defined as 100 m. For that reason, the direction the small cell is within from 5 to 10 degrees. The height of the base station is 30 m. From Fig. 11 , the level of magnitude difference between the conventional and proposed patterns is approximately 15 dB. This value is sufficient to expect an improvement of the SINR in the small cell area.
Field Test Environment
To confirm the null pattern transmission by the AAS from the macro cell to the small cell, the author carried out field tests in Tochigi prefecture. The AAS used in the field tests has an array of 12 active antenna elements in the vertical plane, which are composites of amplifiers and filters [19] . Table 5 shows the field test conditions. The AAS antenna pattern is as shown in Fig. 11 . The pattern variables are remotely controlled using the AISG interface and protocol.
In this field test, the null pattern is in an arc-shaped formation that was shown as the 2D Pattern in the previous section, because there is only one antenna array in the horizontal plane. Originally, the spot null was considered desirable for the small cell area, but in this case, this arcshaped null pattern was evaluated.
Results of Field Test
Measurement data were collected inside an area about 800 m from the base station of the macro cell by conducting a drive test in a suburban area. Data were collected by the terminal station on the vehicle at 1-second intervals. Figure 12 (a) shows the cumulative distribution of SINR of the macro cells and small cells, and (b) shows the SINR for the small cells only.
From Fig. 12(a) , the uniform and proposed patterns are approximately 2 dB lower than the conventional pattern at 50% of the CDF (cumulative distribution function). Next, from Fig. 12(b) , the proposed antenna pattern is 9 dB and 7.5 dB better than the uniform and conventional patterns, respectively. And, the peak SINR of the proposed pattern is able to achieve 18 dB. These reason for the improvement when using the proposed pattern is the effect of the null pattern transmission from the AAS to the small cell.
In conclusion, it is indicated that it is possible to improve the cell quality by proposed AAS.
Conclusion
This paper reported on next-generation antenna technology, in particular, on the evaluation of AAS technology to develop Massive MIMO.
First, in order to solve the interference due to the same frequency being used by the macro cell and the small cell, the paper focused on the AAS beam and null control function. An area simulation was carried out for three sectors with one small cell per sector. It was found that the SINR of the small cell improved by 6 dB using AAS beam and null control. Moreover, when considering the angular spread, it was found that a narrow null pattern is suitable in rural and suburban areas, while a wide null pattern is advantageous in urban and dense urban areas.
In addition, field tests were performed. The results showed that the maximum improvement in the SINR of 9 dB is obtained in suburban areas. Thus, this paper shows that it is possible to dynamically improve the SINR by the AAS, and this improvement of SINR enables high-speed data transmission in wireless communication systems to be achieved.
In the future, spectrum utilization for frequency reuse by antenna technologies will be more important. The purpose of this paper is to assist similar studies in the future.
